[1] A CGCM is used to study the relative roles played by local air-sea interaction and remote ENSO effects on the tropical Atlantic interannual variability. A regional coupling strategy allows full air-sea coupling only over the Atlantic Ocean north of 30°S. Two experiments were conducted, respectively with either climatological or real time boundary conditions prescribed over the uncoupled portion of the global domain. The simulations show that major anomalous SST modes in the tropical South Atlantic are mainly caused by coupled ocean-atmosphere processes within the Atlantic sector. SSTanomalies in the northern tropical ocean, however, are substantially affected by the Pacific ENSO, with local coupling accounting for an enhanced effect. The El Niño effect causes warmer SST in the northern tropical Atlantic in the boreal spring season, forced by weakened northeast trade winds over the Atlantic basin starting from boreal winter in the maturing El Niño phase. The warmer SST anomalies then trigger a positive air-sea feedback within the Atlantic basin, which leads to stronger anomalous cross-equatorial atmospheric flow in the spring season. 
Introduction
[2] Previous studies have suggested that regional air-sea coupling can be effective in producing anomalous sea surface temperature (SST) fluctuations in the tropical Atlantic Ocean. Chang et al. [1997 Chang et al. [ , 2001 ] demonstrated a positive feedback among surface wind speed, evaporative heat loss at sea surface, and SST leads to a lowfrequency oscillation in the tropical Atlantic basin. Zebiak [1993] showed dynamical coupling among surface wind stress, SST, and thermocline in the equatorial Atlantic. On the other hand, it has been observed that SST fluctuations in the tropical Atlantic are associated with the climate variability outside the tropical Atlantic basin. One major such effect is from the El Niño/Southern Oscillation (ENSO) in the tropical Pacific Ocean [e.g., Enfield and Mayer, 1997] .
[3] In this paper, we present a regional coupling strategy for a coupled ocean-atmosphere general circulation model (CGCM) that allows us to separate the local from remote effects on the tropical Atlantic Ocean and use this method to examine the roles played by local versus remote coupled air-sea interaction. The CGCM, the regional coupling strategy, and the experiment design are described in the next section. The results are presented in Section 3. The summary and discussion are given in Section 4.
Model Description and Experiment Design
[4] The atmospheric GCM is a global spectral model, with a triangular truncation of the spherical harmonics at zonal wave number 42, giving roughly a 2.8°latitude Â 2.8°longitude resolution in the tropics. Vertically it is divided into 18 unevenly spaced s levels. More details about the model, including its physical parameterizations, are described in DeWitt and Schneider [1999] . The oceanic GCM is a quasi-isopycnal model for world oceans within 70°S-65°N. The model has 14 quasi-isopycnal layers and a horizontal resolution of 1°latitude Â 1.25°longitude while the meridional resolution is increased to 0.5°within 10°S-10°N. The 1st model layer represents the well-mixed surface layer. More details of the model are described in Schopf and Loughe [1995] and Yu and Schopf [1997] . Later on, these two component models are referred to as the AGCM and the OGCM respectively.
[5] Although both the OGCM and AGCM are global, they are fully coupled only in the Atlantic Ocean within 30°S -65°N in the two experiments described below. Within this coupled region, the surface fluxes of heat, freshwater, and momentum at the sea surface simulated by the AGCM are provided to the OGCM at daily intervals. The OGCM simulated SST for the same interval is then supplied to the AGCM. Over the uncoupled portion of the global domain, the SST is prescribed for the AGCM and the surface wind stress is prescribed for the OGCM. The surface heat flux into the OGCM over the uncoupled portion of the global domain is from the AGCM output, plus a relaxation term to the prescribed SST. A transition zone of 10°width is in the South Atlantic Ocean within 30°S-40°S where the coupled and uncoupled fluxes are blended linearly with each other.
[6] Two experiments have been conducted under this setting. In one case, climatological monthly SST and surface wind stress have been prescribed to drive both the AGCM and the OGCM in the uncoupled region (referred to as CF run). This run has been integrated for 100 years. In the other case, monthly SST data from U.S. Climate Prediction Center [Smith et al., 1996] and surface stress data from the National Centers for Environmental Prediction (NCEP) reanalysis [Kalnay et al., 1996] for the period of 1950- GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 21, 2039 , doi:10.1029 /2002GL014872, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL014872$05.00 1998 (49 years) are prescribed (referred to as RF run). The ocean and atmosphere initial conditions for the CF run are separately derived from long-term uncoupled simulations of these two component models. The initial condition for the RF run was then derived from an instantaneous state of the CF run after fifty years of simulation. In particular, there is no remote effect of ENSO in the Atlantic sector in the CF run. In the RF case, the ENSO induced atmospheric teleconnection can be simulated as realistically as those in an uncoupled AGCM, while their interactions with the ocean in the Atlantic sector can be picked up through regional coupling.
Results
[7] Both CF and RF simulations produce qualitatively realistic mean fields of the SST, the surface wind stress, and the net surface heat flux in the fully coupled tropical Atlantic region. The model also simulates a realistic annual cycle that has amplitudes and phases comparable to the observations in most of the region. Interannually, a rotated empirical orthogonal function (REOF) analysis shows that both the CF and RF runs reproduce the spatial structure of the three leading observed SST modes to some extent, even though both runs are affected by a significant warming trend originated from the higher latitudes of the North Atlantic.
[8] In particular, the spatial patterns of the anomalous SST fluctuations near the Gulf of Guinea and in the subtropical South Atlantic, which are depicted as the leading REOF modes of the observed SST, have been reproduced qualitatively by not only the RF but also the CF simulations. An examination of the atmospheric variables and surface fluxes shows that the SST patterns simulated by the model are associated with the ocean-atmospheric patterns that are similar to those derived from observations. That these modes can be well simulated by the CF run seems to imply that they are mainly associated with the airsea interactions within the tropical Atlantic region. Moreover, the correlation coefficients between the time series of the corresponding modes from the RF run and the observations are very small (0.05 and 0.1) and statistically insignificant. It confirms that the remote forcings outside this region play a secondary role.
[9] In the northern tropical Atlantic Ocean, a major SST pattern from the RF simulation, depicted as the 3rd SST REOF mode that explains about 8% of total variance, shows a warming (cooling) centered at the African coast ( Figure  1a ). The corresponding pattern of the surface wind stress regressed from its principal component (thick line, Figure  1c ) shows a weakening (strengthening) of the northeast trade winds and the cross-equatorial atmospheric flow (Figure 1a) . The anomalous wind pattern implies that an associated change in surface evaporative heat flux plays a major role in affecting the SST, though other processes, such as the subsurface entrainment into the mixed layer [Enfield and Mayer, 1997] as well as radiative flux change associated with the fluctuating cloud cover, may also be important. The quantitative contribution of these different processes to the SST anomaly is being further evaluated.
[10] The spatial structure of the RF pattern is similar to the 2nd SST REOF mode from the observations, which explains about 18.1% of total variance, as well as its corresponding pattern of the surface wind stress. It is also consistent with the leading SST modes of the northern tropical Atlantic derived from previous studies [e.g., Enfield and Mayer, 1997] . We notice that the percentage of variance explained by the RF mode is only about a half of that of the observed one. However, the amplitude of the SST fluctuations depicted by this RF mode is comparable to that of the observations. The relatively smaller percentage is mainly because of the model trend that takes about 28% of the total variances.
[11] Further evidence of the consistency between the RF and the observed SST variability is that a large portion of the low-frequency fluctuation of the time series of the observed mode (thin line, Figure 1c ) is reproduced by the simulation (thick line, Figure 1c ). These two time series are significantly correlated to each other with a correlation coefficient of 0.5. A 9-season running mean of the time series, which filters out high frequency signals with periods less than two years, increases the correlation to about 0.6. Since the observational data is only prescribed outside the tropical Atlantic region in the RF run, the temporal-spatial consistency between the observed and simulated tropical northern SST modes implies that the northern tropical Atlantic SST pattern is partly forced by remote factors.
[12] To identify the remote forcing sources, we have calculated lagged correlation coefficients between the time Figure 1c and atmospheric variables respectively for both the observations and the RF simulation. Their results are qualitatively similar. In general, the lagged correlation analyses show that the major remote forcing source is from the eastern tropical Pacific Ocean where strong ENSO signals prevail.
[13] Further examination shows that the Pacific-Atlantic tele-connection is strongest during the boreal winter and spring seasons, as shown in Enfield and Mayer [1997] from observations and Saravanan and Chang [2000] through AGCM experiments. In particular, the Pacific NINO3 index (averaged SST anomalies within 5°S-5°N, 90°W-150°W) in the boreal winter season (December-January -February, DJF) is a good predictor of the SST anomalies of the following spring season (March -April -May, MAM) in the tropical northern Atlantic sector. Figure 2a shows that the observed DJF NINO3 index is positively correlated with the RF simulated MAM SST anomalies in the northern tropical Atlantic Ocean, a pattern that is somewhat similar to the one shown in Figure 1a . Their main difference is that the highest correlation (>0.6) in Figure 2a is in the western ocean near the South America coast while the SST anomalies is largest in the African coast in the EOF modes (Figures 1a and 1b) . The reason is that the SST anomalies in the west, which are highly correlated with the NINO3 index, have relatively small magnitude. The corresponding correlation pattern for the observed SST anomalies in the tropical Atlantic region has qualitatively similar characteristics (not shown).
[14] This anomalous SST pattern in the tropical Atlantic Ocean is caused by both the remotely forced atmospheric signals and subsequent air-sea interactions within the tropical Atlantic Ocean. In the CGCM, the strongest atmospheric ENSO response in the tropical Atlantic appears in the boreal winter (DJF) season when an El Niño event is in its maturing stage. Figure 2b shows that the DJF surface heat flux anomalies are significantly correlated with the NINO3 index of the same season over the northern tropical Atlantic Ocean. The corresponding heat flux anomalies near the African coast have a magnitude of 10-20 W m À2°KÀ1 in its regression coefficients to the NINO3 SST anomalies. These heat flux changes are associated with the northeast trade wind anomalies (Figure 2c ), which are also highly correlated with the NINO3 index (larger than 0.6 for either component at its center) and have a magnitude of 0.1-0.2 dynes cm À2°KÀ1 in their regression coefficients to NINO3 index.
[15] This net heat flux into the northern tropical Atlantic Ocean in the winter season of an El Niño year is probably a main forcing of the warm SST anomalies in this region from late boreal winter to spring seasons. Moreover, the SST anomalies in the northern tropical Atlantic generate anomalous zonal and meridional wind stress closer to as well as south of the equator in boreal spring (MAM). Figure  2d shows that, following an El Niño winter (DJF) state in the tropical Pacific, there are anomalous northward atmospheric flows around and to the south of the equator and enhanced easterlies to the south of the equator over the central and western Atlantic. Compared with winter ( Figure  2c ), the spring (MAM) wind stress anomalies significantly correlated with the DJF NINO3 index are more concentrated to the southern and equatorial ocean (Figure 2d ). The vector stress correlation maps of the wind stress to DJF NINO3 for both seasons (Figures 2c and 2d) show some resemblance not only to the patterns shown in Figures 1a and 1b but also to those derived by Chang et al. [1997 Chang et al. [ , 2001 , which they attributed to a positive feedback process among wind-surface heat flux-SST within the tropical Atlantic Ocean.
[16] The model ENSO effect on the tropical Atlantic demonstrated above is in general similar to that derived from the NCEP atmospheric reanalysis and CPC SST data. A difference, however, is in the ENSO induced DJF atmospheric change. The model wind and heat flux change is strongest in the central and eastern part of the northern tropical Atlantic, whereas the observed ENSO atmospheric effects are mostly in the western Atlantic in DJF, which extend to the central ocean in the following spring (MAM) season. This is probably because the model simulated North Atlantic Oscillation (NAO) is weak due to its climate drift whereas in reality the strong NAO signals in winter mask the ENSO signals. This hypothesis is being further investigated.
[17] The other season with significant one-season-lagged SST correlation to the NINO3 index is the boreal winter, though the correlation coefficients are in general smaller than those shown in Figure 2a and more confined to the western Atlantic. According to the CGCM results, the ENSO effect on the tropical Atlantic is generally weak in summer and fall seasons, although the lagged correlation coefficients to NINO3 index are slightly higher for these seasons from the observational data.
Summary and Discussion
[18] A CGCM is used to study the mechanisms of the tropical Atlantic interannual variability, in particular, the relative roles played by local air-sea interaction and remote ENSO effects. Although both the ocean and atmosphere are global, a regional coupling strategy is applied to the CGCM that allows full air-sea coupling only over the Atlantic Ocean north of 30°S. Over the uncoupled portion of the global domain, SST is prescribed for the AGCM, while the ocean receives prescribed wind stresses and heat fluxes computed by damping to the prescribed SST. Two longterm simulations have been conducted using this regional CGCM. In the CF run, the observed monthly climatological SST and wind stress are prescribed over the uncoupled domain. Then the simulated interannual variability in the tropical Atlantic region can only be attributed to the regional air-sea coupling and/or responses to internal atmospheric noise. The RF run prescribes real time monthly SST and wind stress for 1950 -1998. In the RF run, the remote effects of ENSO on the Atlantic domain are as realistically simulated as possible with this model. A similar approach can be used to identify the roles played by other potentially significant outside forcings to the tropical Atlantic region, such as the effects of the NAO and the annular mode in the southern hemsiphere on the tropical North and South Atlantic Oceans respectively.
[19] A comparison between the leading modes of the SST anomalies from the two runs and from observations shows that the interannual variability in the tropical South Atlantic is mainly associated with processes within the Atlantic sector. The southern subtropical SST fluctuations are forced by the fluctuating southeast trade winds in the subtropics. The SST anomalies in the Gulf of Guinea are in response to equatorial zonal wind anomalies in an ENSO-like manner.
[20] On the other hand, SST anomalies in the northern tropical ocean appear to be the result of Pacific ENSO effects, with local coupling accounting for an enhanced effect. This ENSO effect appears to be seasonal: in the RF run, the direct El Niño effect weakens the northeast trade winds over the Atlantic basin since the winter season, which leads to warmer SST there in the boreal spring.
[21] In response to this remote forcing, a local positive air-sea feedback may be triggered to amplify the ENSO signals. The anomalous SST meridional gradient can be amplified by the positive feedback among SST, surface wind speed, and the surface heat flux, as shown by Chang et al. [1997] , which further enhances the atmospheric meridional flow across the equator and the SST gradient. Actually, the local coupled processes may well operate in the northern tropical Atlantic. Signals exported from the Pacific may simply organize the coupling in the Atlantic, providing for the significant correlation between the modeled time series and the observations.
[22] On the other hand, it should be noted that remote forcing accounts for a relatively small amount of the total variance of the SST anomalies in the tropical Atlantic Ocean. Recently, Min [2002] pointed out that the ENSOinduced response explains approximately 10-15% of total variance of the SST anomalies in the tropical Atlantic Ocean with an appreciably larger explained variance (about 25%) in the northern tropical Atlantic. This is consistent with our results described above. Considering that the ratio between the ENSO induced response ''signals'' and the Atlantic non-ENSO ''noises'' are small in many regions, an ensemble experiments with disturbed oceanic/atmospheric initial conditions are required to further identify the ENSO effects. Such experiments are under way now.
[23] It is also important to further examine the non-ENSO related variability within the Atlantic sector. The task is to distinguish the contributions of the regionally coupled ocean-land-atmosphere processes, which are potentially more predictable, from those oceanic responses to atmospheric internal variations originated within or outside the Atlantic domain, which are by its nature, less predictable. Studies on these issues are also in progress.
